It has been argued that, in humans, a part of the descending command to upper limb motoneurons is transmitted through cervical propriospinal premotoneurons. We explored whether excitation of these putative propriospinal neurons projecting onto extensor carpi radialis (ECR) motoneurons was modi®ed in patients recovering from stroke. Suppression of the voluntary on-going ECR EMG activity by stimulation of cutaneous afferents in the super®cial radial nerve was used to estimate the component of the descending command passing through the propriospinal relay. The degree of suppression was assessed on both sides of 30 stroke patients (divided into two groups, whether recovery of wrist extension was poor or good by the time of the investigation) and of 34 age-matched controls. Single cutaneous volleys elicited a suppression which was symmetrical and of the same degree in patients and controls. In contrast, the amount of on-going EMG suppression produced by a train, which was symmetrical in normal subjects, was asymmetrical in most stroke patients: it indeed was signi®cantly greater on the affected side of stroke patients with poor recovery of wrist extension than (i) in their non-affected side; (ii) in controls; and (iii) in the affected side of patients with good recovery. Cutaneous suppression of the H re¯ex, the motor evoked potential (MEP) and the on-going EMG was compared in three patients with poor recovery by the time of the ®rst test; there was a small suppression of the H re¯ex on the affected side, but the asymmetry was much less than that of the on-going EMG and the MEP. In patients explored twice during the course of recovery, the asymmetry in the suppression of the on-going EMG tended to disappear, while recovery of wrist extension improved. This suggests that, when patients have not yet recovered, a relatively greater component of the descending command is mediated through the propriospinal relay. The ®ndings are consistent with transiently increased ef®cacy of descending (possibly reticulospinal) projections onto propriospinal neurons, due to hyperexcitability of these neurons or unmasking and/or reorganization of the projections to them.
Summary
It has been argued that, in humans, a part of the descending command to upper limb motoneurons is transmitted through cervical propriospinal premotoneurons. We explored whether excitation of these putative propriospinal neurons projecting onto extensor carpi radialis (ECR) motoneurons was modi®ed in patients recovering from stroke. Suppression of the voluntary on-going ECR EMG activity by stimulation of cutaneous afferents in the super®cial radial nerve was used to estimate the component of the descending command passing through the propriospinal relay. The degree of suppression was assessed on both sides of 30 stroke patients (divided into two groups, whether recovery of wrist extension was poor or good by the time of the investigation) and of 34 age-matched controls. Single cutaneous volleys elicited a suppression which was symmetrical and of the same degree in patients and controls. In contrast, the amount of on-going EMG suppression produced by a train, which was symmetrical in normal subjects, was asymmetrical in most stroke patients: it indeed was signi®cantly greater on the affected side of stroke patients with poor recovery of wrist extension than (i) in their non-affected side; (ii) in controls; and (iii) in the affected side of patients with good recovery. Cutaneous suppression of the H re¯ex, the motor evoked potential (MEP) and the on-going EMG was compared in three patients with poor recovery by the time of the ®rst test; there was a small suppression of the H re¯ex on the affected side, but the asymmetry was much less than that of the on-going EMG and the MEP. In patients explored twice during the course of recovery, the asymmetry in the suppression of the on-going EMG tended to disappear, while recovery of wrist extension improved. This suggests that, when patients have not yet recovered, a relatively greater component of the descending command is mediated through the propriospinal relay. The ®ndings are consistent with transiently increased ef®cacy of descending (possibly reticulospinal) projections onto propriospinal neurons, due to hyperexcitability of these neurons
Introduction
The severe hemiparesis which follows stroke generally recovers partially. Discussions concerning changes in neural organization underlying`spontaneous' or`rehabilitationinduced' recovery have focused mainly on hemispheric mechanisms. Thus, plastic changes in the damaged contralateral hemisphere seem to be best suited for producing recovery from stroke (for a review see Hallett, 2001) . However, in patients with poor recovery, it has been suggested that the residual motor capacity could also involve projections from the ipsilateral undamaged hemisphere (Chollet et al., 1991) via bilateral cortico-reticulospinal connections (Benecke et al., 1991) . This view was supported by the investigation of ipsilateral motor evoked potentials (MEPs) elicited in the affected arm by transcranial magnetic stimulation (TMS) (see Discussion) (Benecke et al., 1991; Turton et al., 1996) . Involuntary synkinetic contractions, which generally are observed in patients with poor recovery, could also result from reticulospinal pathways taking over the descending command (Dewald et al., 1995) .
The present investigation was undertaken to explore whether and to what extent spinal cervical propriospinal neurons might contribute to mediating the command for the residual movement of stroke patients. In the cat, the descending command for visually guided target reaching is mediated through a system of C3±C4 propriospinal neurons which transmit disynaptic excitation to forelimb motoneurons from the cortico-, rubro-, tecto-and reticulo-spinal tracts, and also receive feed-forward inhibition from the same tracts and feedback (mainly inhibitory) from cutaneous and muscle afferents (cf. Lundberg, 1999) .
In humans, there is evidence for an analogous system of cervical premotoneurons onto which converge peripheral and corticospinal inputs (Fig. 5) , and which transmit a part of the descending command to upper limb motoneurons, in parallel with the monosynaptic cortico-motoneuronal pathway. Several features of this system distinguish it from a segmental pathway (cf. Pierrot-Deseilligny, 1996; Pauvert et al., 1998; Nicolas et al., 2001) : (i) the facilitation elicited from a given nerve has a diffuse pattern of distribution on virtually all upper limb muscles (except intrinsic hand muscles), including antagonists at the same joint; (ii) because the same inputs activate the putative propriospinal neurons and feedback inhibitory interneurons inhibiting them (Fig. 5) , slightly increasing the afferent and/or the corticospinal input causes the facilitation to be reversed to inhibition; (iii) the low threshold of the afferent effects indicates an oligosynaptic linkage, but the central delay (3±6 ms) is much longer than that found in segmental pathways activated by low-threshold afferents; and (iv) the more caudal the motoneuron pool in the spinal cord, the greater the central delay of the excitation (and/or inhibition). This suggests a longer intraspinal pathway for caudal motoneurons, and implies interneurons located rostral to motoneurons, much as propriospinal neurons in the cat.
The existence of a functional cervical propriospinal pathway in higher primates has been challenged because of Infarct  MCA  1  3 A  104  71  33  23  M  56  Left  Infarct  MCA  2  4 B  76  60  16  24  M  68  Left  Infarct  MCA  3  2 A  104  63  40  25  M  32  Right  Haem.  Temporal  2  3 A  77  44  33  26  M  50  Right  Infarct  Brainstem  9  3 A  75  77  ±2  27  F  65  Right  Haem.  Putaminal  10  3 A  93  67  26  28  F  42  Right  Infarct  MCA  2  5 B  89  60  28  29  M  74  Right  Infarct  MCA  35  3 A  85  71  15  30  M  53  Left  Infarct  MCA  8  4 A  94  89  5 Clinical (columns 2±8) and electrophysiological (columns 9±11) data concerning the 30 stroke patients. Columns: 1, patient number; 2, sex; 3, age; 4, side of the hemiplegia; 5, nature of the lesion (Haem = haemorrhage); 6, location of the lesion (MCA = middle cerebral artery; Ant chor A = anterior choroidal artery); 7, time after stroke of the ®rst investigations (months); 8, ECR strength at the time of the ®rst investigation (see Material and methods) and group (A force <4, B = 4); 9 and 10, conditioned on-going ECR EMG when reduced by the train (percentage of control EMG) on the unaffected and affected side, respectively; 11, difference between the reduction by the train on the unaffected and affected side (positive values indicate a greater suppression on the affected side).
the rarity and weakness of propriospinally mediated corticospinal excitation in upper limb motoneurons of the macaque monkey (Maier et al., 1998; Nakajima et al., 2000) or of humans (Maertens de Noordhout et al., 1999) in control conditions. In fact, this might be explained by the activation of inhibitory interneurons by arti®cial volleys applied to the pyramidal system (Alstermark et al., 1999; Nicolas et al., 2001) . Thus, intracellular recordings from identi®ed C3±C4 propriospinal neurons by Alstermark and Isa have documented their projections directly to upper limb motoneurons and the lateral reticular nucleus in the macaque monkey (see Rothwell, 2002) . Putative propriospinal neurons activated by extensor carpi radialis (ECR) afferents and mediating the descending command to ECR motoneurons are inhibited speci®cally by tactile cutaneous afferents in the super®cial radial nerve supplying the skin of the dorsal side of the hand (Nielsen and Pierrot-Deseilligny, 1991; Burke et al., 1994) . We have taken advantage of this projection to investigate the component of the descending command passing through the propriospinal relay in stroke patients. A brief summary of some of the present results has appeared in abstract form (Mazevet et al., 1995) , and preliminary results obtained with a different technique (see below) have been mentioned in a review (Pierrot-Deseilligny, 1996) .
Material and methods Patients
The investigation was carried out in 30 stroke patients aged 32±74 years (mean T SEM 53.3 T 2.3 years) and 34 agematched healthy subjects (50.7 T 2.9 years). All participants gave written informed consent to the experimental procedures, which were performed in accordance with the Declaration of Helsinki, and with the approval of the Ethics Committee of the Ho Ãpital de la Salpe Ãtrie Áre. All subjects were self-proclaimed righthanders (attention was not paid to the consistency of right handedness, since there is no handednessrelated asymmetry in the amount of cutaneous-induced suppression with the experimental paradigm used, see below).
Data concerning the sex, age, side of the hemiplegia, nature and location of the lesion, ECR strength at the time of the ®rst test, and the time of this ®rst test with respect to stroke are given in Table 1 . All patients had unilateral focal lesion visualized on CT or MRI of the brain. Nineteen had suffered an infarct, and 11 a haemorrhage. Seventeen had a right and 13 a left hemiplegia. All had some sensory de®cit associated with motor disorders. In none could cognitive or language de®cits interfere with comprehension of the test protocol.
Clinical assessment
The strength of wrist extension (given in Table 1 at the time of the ®rst test) was scored on a 1±5 scale adapted for hemiplegic patients (Held and Pierrot-Deseilligny, 1969) , where 2 represents the ability to maintain tonic wrist extension against gravity for only 20±30 s, 3 the ability to maintain it for 1±2 min, 4 an almost normal force and 5 a normal force. All recruited patients had ECR strength of at least 2±3 at the time of the ®rst test in order to be able to perform the required tonic wrist extension. Wrist extension often was accompanied by associated synkinetic contractions of arm muscles. Patients were divided into two groups according to their recovery in ECR at the time of the ®rst test.
Group A
By the time of the ®rst test, 15 patients had recovered strength in the ECR of~2±3, i.e. just suf®cient to perform the tonic wrist extension against gravity, as required for participation in the study. In all 15 patients, wrist extension was accompanied by synkinetic contractions of arm muscles. Nine (patients 4, 6, 8, 14, 19, 20, 22, 24 and 25) were hospitalized for rehabilitation and were tested during the ®rst 3 months following stroke, as soon as they were able to perform the ECR contraction, while the remaining six (patients 5, 12, 18, 26, 27 and 29) were explored 8±35 months after the stroke. Five of the former (8, 19, 20, 24 and 25) were tested a second time 1 month later when the strength of the ECR had improved and the synkinetic contractions had decreased (or disappeared). Patient 12 was tested the ®rst time 21 months after the stroke when she was able to perform the required tonic wrist extension. She then continued to recover and was re-tested 6 months later when her ECR strength had reached a score of 4 without associated synkinetic contraction.
Group B
Fifteen patients had recovered an almost normal ECR strength (scored b4) by the time of the test, with a minimum of synkinetic contractions, seven during the ®rst months following stroke (3, 7, 9, 13, 16, 23 and 28) , and the remaining eight (1, 2, 10, 11, 15, 17, 21 and 30) when tested much later (often several years after the stroke).
Electrophysiological tests
The subjects were seated comfortably in an armchair. The examined forearm and hand were lying in pronation on the arm of the chair with the shoulder abducted at~60°and the elbow semi-¯exed (110±120°).
Symmetrical bilateral ECR voluntary contraction
Cutaneous-induced suppression was investigated during bilateral tonic contraction of the ECR, there being no handedness-related asymmetry in the super®cial radialinduced modulation of the on-going EMG in normal subjects (Marchand-Pauvert et al., 1999). The contraction was adjusted to be just suf®cient to maintain the wrist in neutral position against gravity (symmetrical amplitude of the hand and ®nger positions). In normal subjects and in the unaffected side of stroke patients, this corresponds to a contraction of 6±8% of maximal (tonic) voluntary contraction (MVC). To ensure the symmetry of the contractions, EMG activity of both sides was recorded at the same ampli®cation, recti®ed and integrated, and displayed on an oscilloscope as a continuous line. Subjects were asked to adjust the contractions so that these lines were superimposed, and the test was interrupted when this was no longer the case. Finally, because the amount of suppression of the on-going EMG was expressed as a percentage of the control EMG activity integrated over 40 ms (see below, and thus the smaller this value, the greater the suppression expressed in this way), this value was corrected, using a factor of generally 0.8±1.2, to be the same on the two sides during the computation of results.
Modulation of the on-going EMG
Recording. On-going ECR EMG activity was recorded by surface electrodes 1 cm apart secured to the skin over the muscle belly. Voluntary on-going EMG activity was fullwave recti®ed and averaged (150 trials) against the conditioning stimuli for 10±50 (or 60) ms using a sampling rate of 1±5 kHz (e.g. 1 kHz in Fig. 2B and 5 kHz in Fig. 2D ). Conditioned and unconditioned (i.e. trials in which the background EMG activity was measured) trials were alternated randomly (1 s) during short sequences of 30±100 s to avoid fatigue in patients with weakness. The data recorded in 3±10 sequences were averaged to produce a single run containing 150 conditioned responses. In Figs 1, 2 and 4A, showing data for single subjects, the amount of suppression, i.e. the difference between the grand average of conditioned values and the baseline EMG which was measured in the alternating 150 control trials and then integrated over 40 (or 50) ms to provide a measure of baseline EMG, is expressed as a percentage of this baseline. In Figs 3A±D , and 4B and C, representing data in all subjects investigated, the grand average of conditioned values is expressed as a percentage of the control EMG.
Stimulation. Shocks of 1 ms duration were delivered to the super®cial radial nerve through bipolar surface electrodes (4 cm 2 silver plates) placed on the skin of the inferior part of the radial edge of the forearm. In normal subjects and on the unaffected side of patients, this produced radiating paraesthesiae in the dorsal side of the hand and the ®rst three ®ngers. To ensure the symmetry of the stimulation despite the sensory de®cit generally observed on the affected side, the intensity of the conditioning stimulation was graded with respect to the motor response in thenar muscles due to a spread of the stimulation to the median nerve (MarchandPauvert et al., 2001) . In most experiments, stimulus intensity was therefore adjusted at 0.5 Q motor threshold (MT). In normal subjects (and on the unaffected side of patients), this corresponded to an intensity perceived at~2 Q perception threshold (PT). Both single volleys and trains (three shocks at 300 Hz) were used at this intensity. In some preliminary experiments ( Fig. 2A and B) , single volleys just below the MT (0.95 Q MT), corresponding to 4 Q PT in normal subjects, were used.
Window of analysis. Given a central delay of~4 ms for the cutaneous suppression and an extra peripheral conduction time of 4 ms for the super®cial radial volley elicited at wrist level with respect to the radial Ia volley evoking the ECR H re¯ex at elbow level (Burke et al., 1994) , the onset of the cutaneous-induced suppression should occur~8 ms later than the latency of the ECR H re¯ex. Since the latency of the ECR H re¯ex (measured during contraction) was on average~18 ms in the patient population, the suppression resulting from the cutaneous inhibition of propriospinal neurons might be expected to start~26 (18 + 8) ms after delivering the last cutaneous volley. Accordingly, the window of analysis started 26 ms after the single volley and 32 ms after the ®rst shock of the train (i.e. 26 ms after the last shock). Vertical arrows in Fig. 1A indicate the expected onset of the effect elicited by each volley of the train. The duration of the window of analysis was limited to 10 ms in order to avoid late effects due to inhibition exerted at the cortical level (see Maertens de Noordhout et al., 1992) . The suppression so assessed is illustrated by the grey area in Fig. 1A . Cortical inhibition probably accounts for the second phase of inhibition (starting 15 ms after the onset of the window of analysis, see Fig. 2A ), and for the resulting long duration of the EMG suppression after a single volley (Burke et al., 1994) .
Statistics. Variance analysis (Scheffe Â's test) was used to show whether in each subject the cutaneous-induced suppression was signi®cant in each side. An ANOVA (analysis of variance) was ®rst used to determine the respective in¯uences of the following factors on the amount of cutaneous-induced suppression obtained in each side of the subjects: (i) side (left and right) and (ii) status (patient affected and non-affected sides, control left and right sides). In a second step, the difference between the amount of EMG suppression elicited on each side was taken as dependent variable and the effects of ECR strength at the time of the ®rst investigation (patients with strength of 2, 3, 4 and 5, and controls), location of the lesion [putaminal, middle cerebral artery (MCA), anterior choroidal artery (Ant chor A), parietal or other location], type of lesion (infarct versus haemorrhage) and duration of evolution (`3, >3 and`12, and >12 months) were investigated. Post hoc comparisons were made using the Bonferroni±Dunn test. A non-parametric test was used to compare results in the same patients at two moments of their recovery (Wilcoxon rank test).
Modulation of the H re¯ex and of the MEP
Absence of signi®cant inhibition of the H re¯ex by the train in normal subjects. It has been argued that the super®cial radial-induced suppression of the on-going ECR EMG in normal subjects can be attributed to a disfacilitation of ECR motoneurons, and not to inhibitory postsynaptic potentials (IPSPs) in motoneurons, because the same single cutaneous volley at 4 Q PT suppresses the MEP, but has little effect on the ECR H re¯ex recorded during tonic ECR contraction (Burke et al., 1994) . Similarly, as illustrated in Fig. 1A and B, trains of three shocks at 0.5 Q MT in normal subjects produced a clear suppression of the on-going ECR EMG (Fig. 1A) but only a minor change in the ECR H re¯ex recorded during tonic contraction (Fig. 1B) . Both on-going EMG and H re¯ex were assessed in the same subject during the same experiment within the same window of analysis, between the vertical dashed lines: starting at the 32 ms latency for the on-going ECR EMG (see above), and at the 14 ms interstimulus interval (ISI) for the H re¯ex (allowing 8 ms for the extra conduction time of the cutaneous volley and the central delay of the suppression, and 6 ms for the interval between the ®rst and last shocks of the train).
Investigation of the modulation of the H re¯ex and of the MEP in patients
Comparison of the induced changes in the on-going EMG, the H re¯ex and the MEP was attempted in the initial studies in the patients of group A (those with the clearest asymmetrical suppression of the EMG, see below), who had no contraindication to TMS; however, because of their weakness, the resulting long exploration was possible in only eight patients. In only three of them was the MEP of suf®cient size on the affected side and/or the H re¯ex present on the unaffected side (even during contraction). All three patients had a weak ECR strength (3) by the time of the test, but later recovered to almost normal force. These studies were performed during steady tonic voluntary contractions of ECR, because (i) this ensured that the background conditions were the same as for the modulation of tonic EMG activity; (ii) it favoured the appearance of an ECR H re¯ex; (iii) it ensured that the MEPs re¯ected activity predominantly of ECR motoneurons; and (iv) the recruitment order of motoneurons by Ia and corticospinal inputs is then the same (see Discussion).
H re¯ex. This re¯ex, elicited by bipolar stimulation of the radial nerve in the spiral groove, was measured as the peakto-peak amplitude of muscle action potentials. Because the sensitivity of H re¯exes of small size varies with the amplitude of the unconditioned re¯ex, the size of the unconditioned re¯ex was adjusted to be at the same size on the two sides (~15% of the maximal M wave, i.e. an amplitude when the sensitivity of the ECR H re¯ex no longer varies with the size of the control re¯ex, see Malmgren and Pierrot-Deseilligny, 1988; Crone et al., 1990) MEP. The MEP was elicited by TMS delivered to the hemisphere contralateral to the test limb using a Magstim 200 (Magstim, Whitland, Dyfed, UK) with a 9 cm coil held at the vertex at the optimal position for the contralateral ECR. The optimal direction of the current¯ow in the coil was used for stimulation of each hemisphere: counter-clockwise for the left hemisphere, clockwise for the right. Because ECR MEPs (particularly on the affected side) often had a polyphasic shape, the waveform was full-wave recti®ed, averaged, and its area was measured over its entire duration. TMS intensity was adjusted to produce control MEPs of the same size on the two sides.
On-going EMG. This was recorded with a sampling rate of 5 kHz in these three subjects. To match the curves with those of Fig. 2F and G, each symbol in Fig. 2E is the mean of the 10 values recorded within 2 ms.
Various interstimulus intervals (ISIs).
Modulations of the H re¯ex and of the MEP by the cutaneous train were investigated at various ISIs corresponding approximately to the window of analysis of the on-going EMG, using 2 ms steps. Dashed vertical lines in Fig. 2E±G indicate the expected onset of the effect of the last volley of the train: (i) 32 ms latency for the on-going EMG (Fig. 2E) ; (ii) 14 ms for the H re¯ex (Fig. 2G) ; and (iii) 12 ms ISI for the MEP (Fig. 2F) . Indeed, because the onset of the MEP corresponds to the arrival of I waves at motoneuronal level, the onset of the suppression elicited by a single volley occurs at the 6 ms ISI (Mazevet et al., 1996; Marchand-Pauvert et al., 1999) (+6 ms between the ®rst and last shocks of the train). For each ISI, 10±20 conditioned and unconditioned responses were alternated randomly, and the amount of suppression (conditioned ± unconditioned responses) was expressed as a percentage of unconditioned responses (mean T SEM). A non-parametric test was used to compare the asymmetry (measured at its maximum within the window of analysis) of results concerning the on-going EMG, the MEP and the H re¯ex (Kruskal± Wallis test).
Results
Suppression of the on-going ECR EMG by a cutaneous volley to the super®cial radial nerve was employed to explore whether the component of the descending command for wrist extension mediated through putative propriospinal neurons is different in stroke patients and normal subjects. To ensure the symmetry of the stimulation despite the sensory de®cit, the intensity of the conditioning stimulation was graded with respect to the motor response in thenar muscles due to a spread of the stimulation to the median nerve.
Suppression elicited by a single cutaneous volley at 0.95 Q MT In order to mimic experiments performed in normal subjects (Burke et al., 1994 ; Marchand-Pauvert et al., 1999), a single volley at 0.95 Q MT (corresponding to 4 Q PT in normal subjects) was used ®rst. In Fig. 2A and B, the comparison is made between the amount of suppression of the on-going EMG on each side (continuous and dotted lines) of one normal subject ( Fig. 2A) and one stroke patient (Fig. 2B) . The amount of cutaneous-induced suppression, expressed with respect to the control baseline EMG (dashed horizontal line), was symmetrical in the two subjects and of the same order of magnitude. Similar results were obtained in 11 normal subjects and 21 patients explored in this way: in normal subjects, the suppression reduced the on-going EMG to 84.9 T 2.5 and 86.9 T 2.4% on the right and left side, respectively, and to 87.5 T 2.1 and 89.7 T 1.7% on the affected and unaffected side of stroke patients (ANOVA, effect of side and status: P = non-signi®cant, NS).
Suppression elicited by a train at 0.5 Q MT
The effects of a temporal summation elicited by a train of three shocks were investigated. Because the stimulation using a train of three shocks at 0.95 Q MT was uncomfortable, the intensity of each shock in the train was reduced to 0.5 Q MT. In Fig. 2C and D, the amount of suppression of the on-going EMG induced by the train is compared in the same normal subject (Fig. 2C) and patient (Fig. 2D) as in Fig. 2A and B . In the two subjects, the suppression was greater than with one shock (despite the reduction of the stimulus intensity), attesting that temporal summation between the three volleys of the train at the level of inhibitory interneurons was effective in inhibiting the presumed propriospinal neurons.
The central ®nding of the present investigation concerns the symmetry of the suppression. Indeed, whereas the suppression induced by the train was symmetrical in the normal subject (Fig. 2C) , it was more profound on the affected than on the unaffected side of the patient with, as yet, poor recovery (Fig. 2D , continuous and dotted line, respectively; patient 12 at her ®rst test). Similar results were obtained in most subjects, as shown in Fig. 3A and B, where the conditioned on-going EMG on each side (elicited by the train and expressed as a percentage of the control EMG) is plotted on vertical scales for 34 healthy subjects (Fig. 3A) and 30 stroke patients (Fig. 3B) . Each thin line represents one subject. The mean value of the EMG suppression was not different between right and left sides of the controls nor between the unaffected side of the patients and either side of the controls. In contrast, there was a highly signi®cant increase in the EMG suppression on the affected side of patients versus their unaffected side: ANOVA, effect of status (P < 0.0001); affected side versus unaffected side (P < 0.001); affected side versus either side of controls (P < 0.0001); unaffected side versus either side of controls (NS); effect of side (NS); side Q status (NS).
In normal subjects (Fig. 3A) , cutaneous-induced suppression generally was symmetrical, and mean values in the group were identical for the two sides (see ®lled circles in Fig. 3C ). This may seem to contradict the slight handedness-related asymmetry with a trend to suppression greater on the dominant side described in a previous study (PierrotDeseilligny, 1996) , but there are three important differences between the present investigation and the previous study: (i) the amount of suppression of the on-going EMG was investigated during bilateral and not unilateral voluntary wrist extension, and the former has been shown to reduce the handedness-related asymmetry (Marchand-Pauvert et al., 1999); (ii) the present investigation included self-proclaimed rather than objectively identi®ed righthanders in order to match the population of stroke patients (in whom handedness was not tested speci®cally); and (iii) the conditioning stimulation was weaker in the present experiments (2 QPT instead of 3±4 QPT).
In Fig. 3C and D, the comparison is made between the mean results (TSEM) obtained with trains (®lled circles) and single volleys (open squares) using a stimulus intensity adjusted at 0.5 Q MT in normal subjects (Fig. 3C ) and in patients (Fig. 3D) : the asymmetry obtained with the train in stroke patients contrasted with the symmetry of the weak suppression elicited by single volleys, which was of the same magnitude in the two populations.
To look for clinical factors, other than ECR strength (see below), which could be correlated with an increase in the EMG suppression on the hemiplegic side of patients, a further ANOVA was done taking into account only the patients group. Neither the location, the type of the brain damage nor the duration of the illness at the ®rst examination had an in¯uence on the amount of radial-induced EMG suppression (ANOVA, location, type and duration: NS).
Changes in suppression of the on-going EMG throughout motor recovery Figure 4 shows that the asymmetry of the suppression was correlated with the clinical assessment of wrist extension. In  Fig. 4A , the comparison is made between the results observed in the six patients of group A (8, 12, 19, 20, 24 and 25) who were studied twice. Each triangle represents the difference between the amount of suppression on the affected and unaffected side (i.e. the asymmetry, cf. column 11 in Table 1) , and the circles the mean values for the six subjects. The ®lled symbols show that, by the time of the ®rst test when they had recovered just enough to perform the tonic wrist extension against gravity (ECR strength = 2±3), all six patients exhibited a signi®cant asymmetry of EMG suppression. Open symbols illustrate that this asymmetry had almost completely disappeared by the time of the second test, when the strength of the wrist extensors approached normal (ECR strength = 4) (P < 0.03, Wilcoxon test). Accordingly, in these six subjects, the mean suppression on the affected side was considerably larger than in normal subjects in the ®rst investigation (reducing the on-going EMG to 49.3 T 7.3% of the control value), but approached normal values in the second investigation (74.7 T 8.3%), even greater still than in normal subjects.
These longitudinal studies were performed on a limited number of patients, but further support came from a comparison of the amount of suppression of the on-going EMG in the two patient groups, A and B. Fig. 4B shows that in the 15 patients of group A, tested while they still had poor ECR recovery, there was greater suppression on the affected than on the unaffected side in almost all subjects, whereas in patients of group B, who had had a good recovery at the time of testing, there was no asymmetry. The level of ECR strength clearly in¯uenced the amount of EMG suppression (ANOVA effect of factor strength P < 0.0001): the mean value of the difference between the amount of EMG suppression on the affected and unaffected side was 34 T 5, 19 T 5, 2.5 T 3 and 7 T 12% in patients with strengths of 2, 3, 4 and 5, respectively, and 0.6 T 2% between the right and left side in control subjects. Patients with the lowest strengths (2 and 3) had deeper EMG suppression than controls (Bonferroni±Dunn test: strength 2 versus controls, P < 0.0001; strength 3 versus controls, P < 0.0001) and also than patients who had a good recovery and scored at 4 and 5 (Bonferroni±Dunn test: strength 2 versus strength 4, P < 0.0005; and strength 3 versus strength 4, P < 0.005). Results obtained in patients with a good recovery did not differ from those obtained in controls (NS).
Finally, it must be pointed out that the relevant factor for the EMG asymmetry is not the actual ECR strength developed during the test, since, in all cases, contraction was adjusted at the same level (i.e. just suf®cient to maintain the wrist in a neutral position against gravity, with matching of the levels of recti®ed and integrated control EMG). In addition, in normal subjects, the amount of EMG suppression remained virtually identical for tonic contractions between 5 and 80% of MVC, when expressed as a percentage of the control EMG produced by a similar train at 0.5 Q MT and assessed within the same window of analysis. This is illustrated in Fig. 1C, which shows mean values (TSEM) for 11 normal subjects. This propriospinal neuron receives descending excitation from the contralateral corticospinal tract (interrupted by the lesion, dotted line) and from reticulospinal tracts. Reticular formation is shown to receive excitation from the two hemispheres and to project to both sides of the spinal cord. Propriospinal neurons are inhibited by feedback inhibitory interneurons which are activated from muscle and cutaneous (super®cial radial) afferents and receive excitatory corticospinal drive (interrupted by the lesion, dotted line).
Modulation of the H re¯ex and of the MEP
In Fig. 2E±G , the comparison is drawn between the modulation of the on-going EMG (Fig. 2E) , the MEP (Fig. 2F) and the H re¯ex (Fig. 2G) . Values obtained in the three patients of group A who could be so explored at the time of their ®rst test were averaged and are illustrated (mean T SEM). On the unaffected side (open circles), there was, as in normal subjects, a suppression of the EMG and of the MEP, whereas there was little change in the H re¯ex. On the affected side (®lled circles), a slight, but signi®cant suppression of the H re¯ex was present (Fig. 2G) . However, the suppression of the on-going EMG (Fig. 2E ) and of the MEP (Fig. 2F) was greater than that of the H re¯ex, and the resulting asymmetry between affected and unaffected sides for the two former responses (Fig. 2E and F) was much more marked than that of the H re¯ex (Fig. 2G) (P < 0.05, Kruskal±Wallis test). Figure 2F shows that the asymmetry in the MEP suppression started at the 12 ms ISI, i.e. at the expected time of the effect of the last volley (see Material and methods). However, suppression already existed at the 10 ms ISI. In accordance with results obtained in normal subjects using a single cutaneous volley (Mazevet et al., 1996) , this suggests that the ®rst shock(s) of the volley was ef®cient in eliciting the MEP suppression, particularly on the unaffected side, a point which is considered further in the Discussion.
Discussion
The major ®nding of this study is that the suppression of the on-going ECR EMG activity elicited by a train of stimuli to the cutaneous super®cial radial nerve is symmetrical in healthy subjects, but asymmetrical in stroke patients who have not yet recovered wrist extensor strength. The EMG suppression was signi®cantly more pronounced on the affected side than in normal subjects, but tended to return to normal values as motor function improved.
Symmetry of the contraction
The symmetry of the voluntary contraction is a prerequisite for a valid comparison of the results obtained on the two sides. As explained in Material and methods, this was achieved by matching the level of integrated recti®ed EMG activity recorded at the same ampli®cation. However, on the affected side, a contraction matching a level of EMG activity of~6±8% of MVC on the unaffected side corresponded to a contraction of~50±80% of MVC in patients with the most severe weakness (patients of group A at the time of their ®rst test), and of~20±50% of MVC in patients of group B. It is therefore important that, in normal subjects, the suppression of on-going EMG is identical for tonic contractions between 5 and 80% of MVC (Fig. 1C) .
Pathway responsible for the cutaneous-induced inhibition Evidence for disfacilitation in normal subjects
In normal subjects, volleys to cutaneous afferents in the super®cial radial nerve suppress the on-going ECR EMG activity, and this occurs with a mean central delay of~4 ms (Burke et al., 1994) . If the suppression was due to inhibition exerted directly on motoneurons, creating IPSPs in motoneurons, one would expect all motoneuron responses to be similarly reduced, whether evoked by cortical stimulation or by stimulation of homonymous Ia afferents (Berardelli et al., 1987) . However, cutaneous volleys, either single volleys (Burke et al., 1994) or trains (Fig. 1B) , had little suppressive effect on the H re¯ex of ECR, and this indicates that the inhibition is not exerted directly on motoneurons. Instead, it is presumably exerted on`premotoneurons' which transmit a part of the voluntary drive to the ECR motoneuron pool, in parallel with the monosynaptic cortico-motoneuronal pathway. This view is supported by the ®nding that the same cutaneous volley suppressed the MEP elicited by magnetic (Burke et al., 1994) or electric (Mazevet et al., 1996) stimulation of the motor cortex, while sparing the initial part of the MEP due to the monosynaptic cortico-motoneuronal volley (an inhibition exerted on motoneurons should affect the entire corticospinal response, including the initial part due to the monosynaptic cortico-motoneuronal projection; Mazevet et al., 1996) . This interpretation implies that the sequence of motoneuron recruitment for the on-going EMG (from small motoneurons supplying slow units to large motoneurons supplying fast units) is similar for the H re¯ex and MEP. This has been demonstrated in the ECR during voluntary contraction for Ia (Aimonetti et al., 2000) and corticospinal (Bawa and Lemon, 1993) inputs. However, the post-spike afterhyperpolarization following the ®ring of units activated in the voluntary contraction might prevent them from being recruited into the H re¯ex or the MEP recorded during contraction, such that the H re¯ex and the MEP may involve units of higher threshold than those engaged in the voluntary contraction. Given that cutaneous volleys from the index ®nger can inhibit low threshold motoneurons and facilitate high threshold motoneurons innervating the human ®rst dorsal interosseus (Garnett and Stephens, 1980) , this could contribute to the discrepancy between the modulation of the EMG and the H re¯ex. Notwithstanding, this process should affect the MEP and the H re¯ex similarly, and the ®nding that the MEP and the on-going EMG undergo a similar degree of suppression (Burke et al., 1994) argues for a cutaneous-induced disfacilitation.
It must be pointed out that the super®cial radial-induced disfacilitation of ECR motoneurons bears no relationship to the inhibition of the¯exor carpi radialis H re¯ex described by Cavallari and Lalli (1998) . The latter (i) has a much shorter latency (2 ms); (ii) alters the H re¯ex at rest, and thus results from IPSPs in motoneurons; (iii) is followed by a potent facilitation; and (iv) is not elicited by electrical stimuli but by natural stimuli to both palmar and dorsal sides of the ®nger (whereas the disfacilitation of ECR motoneurons is evoked speci®cally from the dorsal side; Nielsen and PierrotDeseilligny, 1991; Burke et al. 1994) .
Does EMG suppression re¯ect disfacilitation on the affected side of patients?
In the three subjects illustrated in Fig. 2G , the H re¯ex on the affected side (®lled circles) was more suppressed than on the unaffected side (open circles). The question then arises of whether this might re¯ect a change in segmental spinal pathways potentially activated by the conditioning volley, given the modi®cations of excitability that have been described in several segmental circuits in stroke patients. However, here again, an inhibition transmitted through segmental pathways to motoneurons should affect the MEP and the H re¯ex to the same extent. The ®nding that asymmetry of the on-going EMG and the MEP between affected and unaffected sides ( Fig. 2E and F) was signi®-cantly more marked than that of the H re¯ex (Fig. 2G ) argues in favour of disfacilitation in stroke patients.
In fact, the small inhibition of the H re¯ex recorded on the affected side may be explained because experiments were performed during contraction. In normal subjects, disfacilitation reduces the peak of monosynaptic Ia excitation in single units and, accordingly, during contraction, would prevent the less excitable motoneurons ®ring in the control re¯ex from being recruited by the test volley (Burke et al., 1994 ). Yet, this would be offset (at least in part) by the availability for the H re¯ex of motoneurons no longer engaged in the contraction, now the most excitable of the subliminal fringe of descending excitation. Thus, disfacilitation produces a decrease in excitation for each individual motoneuron, but the H re¯ex is modi®ed only slightly because the re¯ex can now access motoneurons no longer active in the contraction to compensate for the failure to recruit less excitable motoneurons. Because the H re¯ex at 15% of M max recruits more motoneurons than the voluntary contraction at 6±8% of MVC, such a compensation is incomplete. This explains that there was some trend to inhibition of the H re¯ex when using either a single cutaneous volley (see Fig. 3A of Burke et al., 1994) or a train (Fig. 1B) , and the stronger the disfacilitation, the more incomplete this compensation can be and, thus, the greater the trend to inhibition of the re¯ex (®lled circles in Fig. 2G ).
Which interneurons?
Similar evidence for disfacilitation (i.e. suppression of the ongoing EMG and of the MEP, but not of the monosynaptic re¯ex) has been found in biceps and triceps brachii of normal subjects. The average central delay of this super®cial radialinduced suppression is longer the more caudal the motoneuron pool in the spinal cord: 3.2 ms in biceps (C5±C6), 4.2 ms in ECR (C6±C8), 4.9 ms in triceps (C7±T1) (Burke et al., 1994; Pierrot-Deseilligny, 1996) . As mentioned in the Introduction, this suggests that the excitatory premotoneurons inhibited by the super®cial radial volley are located rostral to the motoneurons, much as are the putative propriospinal neurons. It is argued that the disfacilitation seen in stroke patients is also due to inhibition of these neurons, although similar investigations in biceps and triceps so far have not been performed.
Possible mechanism underlying the increased suppression in stroke patients
Cutaneous volleys activate feedback inhibitory interneurons, which in turn inhibit presumed propriospinal neurons (see Fig. 5 ). Increased suppression of the on-going EMG in patients with poor recovery may result from an increased part of the descending command passing through the putative propriospinal relay (the greater this component, the greater can be the cutaneous-induced disfacilitation). However, alternative possibilities must be considered. (i) Feedback inhibitory interneurons receive an excitatory corticospinal drive (Nicolas et al., 2001) , and an increase in this drive could facilitate the transmission in the inhibitory pathway and enhance the EMG suppression. However, the ®nding that the cutaneous inhibition was symmetrical (and of the same magnitude as in normal subjects) when using a single shock (open squares in Fig. 3C and D) provides evidence against increased corticospinal activation of inhibitory interneurons (a possibility that would be unlikely, given the corticospinal lesion). (ii) Increased excitability of inhibitory interneurons due to changes in their input from other sources, and/or decreased presynaptic inhibition of cutaneous afferents synapsing with presumed propriospinal neurons would be possible; but, again, this should also produce asymmetrical suppression when using single volleys.
In fact, the corticospinal lesion is more likely to have caused decreased corticospinal drive on feedback inhibitory interneurons. The greater suppression observed on the affected side with the train could thus be the net result of two opposing effects: decreased corticospinal drive on inhibitory interneurons due to the lesion, and a greater component of the descending command relayed through the propriospinal system. The ®nding that the suppression of the MEP became asymmetrical only when the last volley could act (12 ms ISI in Fig. 2F ), while there was a symmetrical suppression elicited by the ®rst shock(s) (10 ms ISI in Fig. 2F ), gives some support to this view, even though it is dif®cult to draw conclusions from the limited data.
Possible mechanisms underlying increased excitation of propriospinal neurons
The origin of any such increased excitation could be an increased excitability of the putative propriospinal neurons, i.e. an increased excitability either to the peripheral input related to the contraction (see Marchand-Pauvert et al. 1999) or to other descending (reticulospinal) inputs. There could also be unmasking (and/or reorganization) of connections from the ipsilateral undamaged hemisphere (see Benecke et al., 1991; Chollet et al., 1991; Turton et al., 1996; Cramer et al., 1997; Honda et al., 1997; Cao et al., 1998 ; and the wiring diagram in Fig. 5) . A good candidate would be the connections from the ipsilateral premotor cortex to the reticular formation, which, in turn, gives rise to bilateral reticulospinal projections (Benecke et al., 1991) . Data obtained with TMS of the ipsilateral undamaged hemisphere in patients with poor recovery from stroke are consistent with this view. Indeed, MEPs elicited by stimulation of the undamaged hemisphere in the ipsilateral affected arm are more likely and have a lower threshold than in normal subjects, but have a longer latency than those elicited in the contralateral unaffected arm (Benecke et al., 1991; Turton et al., 1996) . Rearrangement of the damaged hemisphere with mediation through indirect contralateral cortico-reticulospinal pathways could also contribute to the transmission of the cortical command down to the spinal cord (Turton and Lemon, 1999) .
In any case, if data in the cat (cf. Lundberg, 1999) apply to humans, the potent reticulospinal projections onto propriospinal neurons could account for the residual motor possibilities of patients with poor recovery, whether due to unmasking and/or reorganization of these projections, or to hyperexcitability of these neurons themselves. This view is supported by the fact that patients with poor recovery had associated involuntary synkinetic movements. In this respect, it has been shown that propriospinal neurons have divergent projections onto motoneurons of muscles operating at different joints in the cat (Alstermark et al., 1990) , and there is indirect evidence for similar divergent projections of presumed propriospinal neurons in humans (Mazevet and Pierrot-Deseilligny, 1994; Pierrot-Deseilligny, 1996) . This creates a hard-wired spinal network appropriate for the coactivation of several muscles, as would be required in complex movements such as reaching. However, if a greater part of the descending command were mediated through this system, isolated movements would be dif®cult, especially if the absence of corticospinal drive on inhibitory interneurons prevented the sharpening of the focus in this intrinsically diffuse system. Thus, only stereotyped synkinetic movements would be performed, much as is the case in patients with poor motor recovery.
Changes in neural mechanisms during the course of recovery
Asymmetry between the cutaneous-induced suppression of the on-going EMG on the affected and unaffected sides was observed only in patients with poor recovery of wrist extension ( Fig. 4B and C) . Moreover, in those patients who were tested twice, the initial asymmetry seen at the stage of poor recovery tended to disappear with further recovery. Although these data were obtained for only six patients in group A, the ®nding still suggests that the take-over of the transmission of the descending command by propriospinal neurons could be merely a transient compensatory response following the interruption of the contralateral corticospinal pathway by the lesion. With good recovery, plastic changes occur in the contralateral damaged hemisphere, with extension and relocation of the upper limb area (Weiller et al., 1993; Rossini et al., 1998) . By that time, contralateral corticospinal projections presumably are rearranged, as shown by the reappearance of MEPs elicited by stimulation of the contralateral damaged hemisphere with a latency decline highly correlated with the quality of the motor recovery (Turton et al., 1996) , and the previously enhanced propriospinal mediation decreases.
